1. Properties of voltage-and Ca2+-dependent K+ currents were investigated in thirty-four dentate granule cells acutely isolated from the resected hippocampus of eleven patients with therapy-refractory temporal lobe epilepsy (TLE). 6. We conclude that outward currents in human hippocampal dentate granule cells can be separated into at least four types by their kinetic and pharmacological properties. These include at least one voltage-dependent current similar to those observed in mammalian hippocampal neurones, and two Ca2+-dependent K+ currents that most probably correspond to SK-and BK-type currents. A classical A-type current could be detected in some patients with Ammon's horn sclerosis (AHS) but not in patients with lesion-associated TLE.
4. The Ca2P-dependent K+ currents could be pharmacologically subdivided into two components. One component was sensitive to 500 /LM tetraethylammmonium (TEA; 41 %) and 10 nm charybdotoxin (CTX; 47 2%). The blocking effects of 10 nM CTX and 500 um TEA were not additive, suggesting that both agents block the same conductance. A second, smaller outward current component was blocked by 50 nM apamin (13 %). 5. A transient A-type K+ current could be observed in six neurones and showed a fast monoexponential time-dependent inactivation with a steady-state voltage dependence that was distinct from that of IK. The A-type current was blocked by 4-aminopyridine (4-AP)
but not by TEA or low-CPa2 solution.
6. We conclude that outward currents in human hippocampal dentate granule cells can be separated into at least four types by their kinetic and pharmacological properties. These include at least one voltage-dependent current similar to those observed in mammalian hippocampal neurones, and two Ca2+-dependent K+ currents that most probably correspond to SK-and BK-type currents. A classical A-type current could be detected in some patients with Ammon's horn sclerosis (AHS) but not in patients with lesion-associated TLE.
Recent research has focused on molecular and functional alterations in the hippocampus of patients with chronic temporal lobe epilepsy (TLE). The use of temporal lobe specimens from patients undergoing surgery for intractable TLE represents a valuable opportunity to study the basis for the increased excitability of temporal lobe structures on a cellular level, employing electrophysiological, molecular biological and histochemical approaches. Several mechanisms have been elucidated that may play a role in altered excitability in the hippocampus. Firstly, specific subpopulations of interneurones are lost early in the course of the disease, while other classes of inhibitory interneurones are preserved. Surviving neuronal populations show marked synaptic reorganization and axonal sprouting. Secondly, marked up-and down-regulation of specific neurotransmitter receptors has been described in detail. The dentate gyrus seems to be a major target structure for these plastic changes in TLE (for review see De Lanerolle, Kim & Brines, 1994 (Baranyi & Feher, 1979; Louvel & Heinemann, 1983; Rutecki, Lebeda & Johnston, 1990) . This applies also to toxins which block K+ currents with a high degree of specificity (Velluti, Caputi & Macadar, 1987 (Lancaster & Nicoll, 1987; Lancaster, Nicoll & Perkel, 1991) . At least two different Ca2+-activated K+ channels, termed the BK-and the SK-type channel, have been shown to contribute to the fast and slow phase, respectively, of after-hyperpolarizations following action potentials in hippocampal neurones (Lancaster & Nicoll, 1987; Alger & Williamson, 1988; Lancaster et al. 1991) . The corresponding ionic conductances have been well characterized in rats with respect to their single-channel properties, Ca2+ sensitivity and pharmacology (Reinhart, Chung & Levitan, 1989) . Functionally, these currents may contribute significantly to the modulation of discharge patterns during burst firing.
Altered regulation of Ca2+-dependent K+ currents has been suggested following kindling epileptogenesis in CAI pyramidal cells of the rat (Vreugdenhil & Wadman, 1995 (Vreugdenhil & Wadman, 1992 
METHODS

Patient data
Eleven surgical specimens from patients with pharmacoresistant TLE were obtained for electrophysiological analysis. Data from four of these patients, but different neurones, were included in a previous study (Beck et al. 1996) . The mean duration of the TLE was 13 8 + 6f2 years (mean+ S.E.M.). The mean age at the onset of seizures was 9 9 + 7-7 years. Ten patients suffered from complex partial seizures (range: 4-90 complex partial seizures a month), while one patient suffered only from frequent simple partial seizures. Additional simple partial seizures or secondary generalized seizures were observed in six and five patients, respectively. The surgical removal of the hippocampus was clinically indicated in every case to achieve seizure control (see Wyllie, 1993 (Beck, Ficker & Heinemann, 1992) . Outward currents showed a slow activation and inactivation during depolarizing command pulses and a threshold for activation around -30 mV. Current families for the voltage-dependent steadystate inactivation (Fig. 1A a) and activation ( Fig. 1 A b) To investigate the contribution of Ca2P-dependent K+ current components to the outward currents, the following registrations were performed with extracellular Ca2+ raised to 5 mM and 1 mm BAPTA-0 1 mm Ca2P as a Ca2P buffering system in the pipette solution. Superfusion of a low-Ca2P-containing extracellular solution reduced peak currents by 42-8 + 18-5% (n = 7) using a prepulse protocol (Fig. 3A) . When the conditioning prepulse was omitted, low-Ca2+ blocked a larger fraction of 61 2 + 15-0% of the peak outward K+ current (n = 4; Fig. 3B ). Addition of 100 ,UM Cd2+ blocked a portion of the total outward current in three out of five of the neurones examined (24-9 + 12-5%; Fig. 3C) with no effects observed in the two remaining neurones. Figure 3 . COa2-activated K+ currents in acutely isolated human dentate granule cells A, effects of low-Ca2+. Currents were elicited by a 200 ms command pulse to various potentials from -50 to +50 mV preceded by a hyperpolarizing prepulse (150 ms, -120 mV) as in Fig. 1A b. Low-Ca2P reversibly blocked 42'8 + 18-5% (n = 7) of outward K+ current with command pulses to +50 mV (see inset). B, when the conditioning prepulse was omitted (1000 ms command pulse varied from -50 to +50 mV), Low-Ca2P compared with 500 ,CM TEA (80 2%; Fig. 4B ). When traces measured during superfusion of 500 /uM TEA were subtracted from those elicited in control solution, the difference currents showed a slow time-dependent activation and inactivation similar to those observed with Cd2+ and low-Ca2+ (not shown).
Effects of charybdotoxin (CTX) and apamin Application of 10 nM CTX rapidly blocked 47 2 % and 38-5 % of the peak outward current elicited in control solution with command pulses to +50 mV, respectively, in two of five neurones tested ( Fig. 5A a and b) . The effects of CTX were partly reversible. The voltage dependence of the CTX-sensitive difference current is demonstrated in the inset of Fig. 5A b and shows a threshold of activation around -10 mV and saturation on depolarization to +30 to +50 mV. In the remaining neurones, CTX had no significant effect, perhaps due to deterioration of the toxin. Prior application of 500 /uM TEA resulted in a markedly smaller additional effect of CTX (n = 2; Fig. 5B) . A small but consistent blocking effect on outward currents was shown by 50 nM apamin (Fig. 6A a) . The blocking effect of apamin showed a rapid onset, inhibiting 12-5 + 3 6% of the peak outward currents (Fig. 6B, n = 5) . The currentvoltage relations of the apamin effect could be studied in three neurones (Fig. 6A b) . In these three neurones, the apamin effect was slightly smaller. When the apaminsensitive component was determined by subtraction at the various command pulse voltages, the resulting currentvoltage relation showed a bell-shaped form with a peak at +10 mV (see inset to Fig. 6A b) .
Sensitivity of tail currents to 10 nM CTX and 500 jUM TEA K+ outward tail currents in control solution showed a decay with more than one time constant (Fig. 7A and B) and could be best fitted with a biexponential equation with time constants of 52-7 and 9-6 ms. When 500 ,UM TEA (Fig. 7A) or 10 nM CTX (Fig. 7B) were applied, the fast-decaying component was abolished. Subtraction of tail currents in the presence of TEA or CTX from control currents yielded similar components with a fast decay time constant of about (Fig. 7A and B) . In comparison, following application of 50 nM apamin, no differences in tail current inactivation could be observed (not shown). Effects of 4-AP on K+ currents A small portion of slowly decaying outward currents was blocked by 5 mm 4-AP (Fig. 8A) . With command pulses to +50 mV, the magnitude of the blocking effect on slowly decaying outward currents was 17-1 + 6-0% (n = 4, Fig. 8B ). Properties of IA in three patients with AHS Surprisingly, an A-type current (IA) could be observed in three patients with AHS included in the study (six out of fifteen investigated neurones, Fig. 9 ). IA could be inactivated by inserting a delay of 50 ms at a holding potential of -50 mV between the conditioning prepulse (n =4; Fig. 9A a and b) . Therefore, IA could be isolated kinetically by subtracting current traces in Fig. 9A b from those in Fig. 9A a. The resulting current traces showed a rapid activation and inactivation (Fig. 9B) . When 5 mM 4-AP was applied, IA could be blocked virtually completely ( preceding conditioning prepulse to -120 mV (150 ms). Tail currents in control solution could be best fitted with a biexponential equation with time constants of 52-7 and 9 6 ms. When 500 FM TEA (A) or 10 nM CTX (B) were applied, the fast-decaying component was abolished. Subtraction of tail currents in the presence of TEA or CTX from control currents yielded similar components with a fast decay of 18 and 21 ms, respectively. In comparison, following application of 50 nM apamin, no differences in tail current inactivation could be observed (not shown). current almost completely. Therefore, the current traces elicited under superfusion of 10 mm TEA could be used to characterize the steady-state voltage dependence of IA (Fig. IOA a and b) . For the study of the steady-state voltagedependent inactivation, a slowly decaying outward current component, ISTS, that was not dependent on prepulse voltage was subtracted from the individual traces (Fig. 10A b) . The voltage-dependent activation and inactivation behaviour of IA could be fitted with a Boltzmann equation shown superimposed on the data points (Fig. lOB) . V;act was -1P12 mV (K = 4 2) and V4,inact was -58-0 mV (K = 5 7).
The current traces isolated by application of 10 mm TEA showed a fast monoexponential time-dependent decay during the depolarizing voltage command that could be fitted with a monoexponential equation up to command pulse voltages of +20 mV (not shown). With larger depolarizations, a slowly inactivating component appeared that was probably due to contamination by residual IK (see Fig. lOAa ). The resulting fast decay time constants were dependent on the command pulse voltage (+20 mV: 13-2 ms; 0 mV: 12-4 ms and -20 mV: 17-5 ms; average of two neurones). The time-dependent decay seemed to be somewhat slower when IA was isolated by subtraction (15-9 + 6-3 ms, 20-3 + 9-4 ms and 38&1 + 20-1 ms with command pulses to +20, 0 and -20 mV, respectively; n = 4). 
DISCUSSION
The electrophysiological properties and synaptic responses of human hippocampal dentate granule cells have been described in a number of studies using sharp microelectrodes in the conventional slice preparation (Isokawa, Levesque, Babb & Engel, 1991; Williamson, Spencer & Shepherd, 1993) . However, investigation of the underlying currents requires voltage clamp, which is limited by problems related to space clamp. In this study we circumvented this problem by using granule cells acutely isolated from hippocampi resected during surgery for therapy-refractory TLE. The pattern of voltage-dependent K+ conductances observed in these neurones resembles that observed in rat dentate granule cells (Beck et al. 1992) , i.e. no inwardly rectifying currents could be observed and slowly inactivating outward K+ currents were present in all neurones. In contrast to observations on mature granule cells from rats, a classical A-type K+ current was present in some neurones from patients with AHS. This current could not hitherto be observed in patients with lesion-associated epilepsy. Properties of IA in patients with AHS Because of the activation and inactivation characteristics, its insensitivity to TEA and sensitivity to 4-AP, this current can be described as a member of the A-current family (IA, Thompson, 1982) . Similar currents have also been described in hippocampal cultures Figure 9 . Isolation of IA by subtraction A, when current families were elicited with a 50 ms delay at -50 mV interspersed between the conditioning prepulse and the command pulse (b), a rapidly inactivating component was abolished in comparison with a. B, isolation of IA by subtraction of equivalent traces in A b from those in A a. The difference currents show a similar voltage-dependent activation as currents shown in Fig. 10 and a fast monoexponential time-dependent decay (15-9 + 6-3, 20-3 + 9-4 and 38X1 + 20-1 ms with command pulses to +20, 0 and -20 mV, respectively; n = 4, fits not shown). C, when IA was isolated by subtraction under control conditions, IA was abolished after addition of 5 mm 4-AP to the extracellular solution (different neurone from that depicted in A and B). IA was not sensitive to perfusion with low-Ca2+ medium (not shown). All recordings were performed with 5 mam Ca2+ in the extracellular solution and 1 mm BAPTA-0' 1 mm Ca2+ in the pipette solution. b outward currents in the whole-cell configuration is small (Beck et al. 1992) . The remaining K+ outward currents showed a slow time-dependent activation and an inactivation with more than one rate constant, similar to IK in rat dentate granule cells, cultured hippocampal neurones and entorhinal cortex cells (Mody, Salter & McDonald, 1989; Eder, Ficker, Guindel & Heinemann, 1991; Beck et al. 1992) . Vt,finact of IK was determined from cells isolated from the hippocampus of patients with lesionassociated epilepsy in this study. It assumed more depolarized values when compared with IK in juvenile rat dentate granule cells (Beck et al. 1992) or cells isolated from human hippocampi showing AHS (Beck et al. 1996) . As effects of 4-AP on IK but not on IK(ca) have been documented both in pyramidal neurones Klee et al. 1995) and in dentate granule cells (Beck et al. 1992) , it is probable that the small effects of 4-AP seen with 1 mM BAPTA in the recording pipette were due to block of IK. A large proportion of IK was blocked by 10 mm TEA.
Aa
However, a TEA-insensitive component was observed in all neurones which displayed little or no inactivation. These properties suggest that IK may be composed of more than one component with differing pharmacology, similar to rat hippocampal neurones (Eder et al. 1991; Beck et al. 1992; Klee et al. 1995 (Schwindt & Crill, 1980; Armstrong, 1990) (Lancaster & Nicoll, 1987; Lancaster et al. 1991) . Firstly, a K+ channel with a small unitary conductance, poor voltage and strong Ca2+ dependence and insensitivity to TEA has been observed that underlies a slow after-hyperpolarization responsible for action potential frequency adaptation (SKtype channel). This channel is sensitive to nanomolar concentrations of apamin in neuroblastoma cells (Hugues, Schmid, Romey, Duval, Vincent & Laszdunski, 1982) or cat cortical neurones (Szente, Baranyi & Woody, 1988) whereas the functionally equivalent current in hippocampal pyramidal cells is apamin insensitive (Lancaster & Nicoll, 1987) . In acutely isolated hippocampal pyramidal cells from young rats, an apamin-sensitive component was not found when 11 mm EGTA was present in the pipette (Klee et al. 1995) . In contrast, a small apamin-sensitive component could be consistently detected in human dentate granule cells. The bell-shaped voltage dependence of the apaminsensitive component was consistent with a high Ca2+ sensitivity but low voltage dependence of this component. (Lancaster & Nicoll, 1987; Alger & Williamson, 1988; Lancaster et al. 1991) . Indeed, low concentrations of TEA known to block the largeconductance (BK-type) channel (Latorre, Oberhauser, Labarca & Alvarez, 1989; Reinhart et al. 1989 ) consistently blocked K+ outward currents in our study. In contrast, CTX was effective in only part of the neurones studied. The low number of neurones investigated does not permit further speculation on the presence of a CTX-insensitive BK-type channel (Reinhart et al. 1989) (Vreugdenhil & Wadman, 1995) . This finding might reflect decreased intracellular buffering capacity for Ca2+, as has been suggested for Ca2+-dependent inactivation of voltagedependent Ca2+ currents in rat dentate granule cells following kindling electrogenesis Kohr & Mody, 1991) . A further difference in comparison to control rat dentate granule cells was the presence of IA in two adult patients with AHS in addition to one 9-year-old child. In adult control rat dentate gyrus neurones, an A-current is not present due to an ontogenetic downregulation (Beck et al. 1992 ) similar to cerebellar (Hamon, Conde, Jaillard, Thomasset & Crepel, 1991) or rat diencephalic neurones (Ahmed, Connor, Tank & Fellows, 1986 
